The complex physics of multiphase flow in porous media are usually modeled at the field scale using Darcy-type formulations. The key descriptors of such models are the relative permeabilities to each of the flowing phases. It is well known that, whenever the fluid saturations undergo a cyclic process, relative permeabilities display hysteresis effects.
Introduction
Hysteresis refers to irreversibility or path dependence. In multiphase flow, it manifests itself through the dependence of relative permeabilities and capillary pressures on the saturation path and saturation history. From the point of view of pore-scale processes, hysteresis has at least two sources: contact angle hysteresis, and trapping of the nonwetting phase.
The first step in characterizing relative permeability hysteresis is the ability to capture the amount of oil that is trapped during any displacement sequence. Indeed, a trapping model is the crux of any hysteresis model: it determines the endpoint saturation of the hydrocarbon relative permeability curve during waterflooding.
Extensive experimental and theoretical work has focused on the mechanisms that control trapping during multiphase flow in porous media (Geffen et al. 1951; Lenormand et al. 1983; Chatzis et al. 1983) . Of particular interest to us is the influence of wettability on the residual hydrocarbon saturation. Early experiments in uniformly wetted systems suggested that waterflood efficiency decreases with increasing oil-wet characteristics (Donaldson et al. 1969; Owens and Archer 1971) . These experiments were performed on cores whose wettability was altered artificially, and the results need to be interpreted carefully for two reasons: (1) reservoirs do not have uniform wettability, and the fraction of oil-wet pores is a function of the topology of the porous medium and initial water saturation (Kovscek et al. 1993) ; and (2) the coreflood experiments were not performed for a long enough time, and not enough pore volumes were injected to drain the remaining oil layers to achieve ultimate residual oil saturation. In other coreflood experiments, in which many pore volumes were injected, the observed trapped/residual saturation did not follow a monotonic trend as a function of wettability, and was actually lowest for intermediate-wet to oil-wet rocks (Kennedy et al. 1955; Moore and Slobod 1956; Amott 1959) . Jadhunandan and Morrow (1995) performed a comprehensive experimental study of the effects of wettability on waterflood recovery, showing that maximum oil recovery was achieved at intermediate-wet conditions. An empirical trapping model typically relates the trapped (residual) hydrocarbon saturation to the maximum hydrocarbon saturation; that is, the hydrocarbon saturation at flow reversal. In the context of waterflooding, a trapping model defines the ultimate residual oil saturation as a function of the initial water saturation. The most widely used trapping model is that of Land (1968) . It is a single-parameter model, and constitutes the basis for a number of relative permeability hysteresis models. Other trapping models are those of Jerauld (1997a) and Carlson (1981) . These models are suitable for their specific applications but, as we show in this paper, they have limited applicability to intermediate-wet and oilwet media. Land (1968) pioneered the definition of a "flowing saturation," and proposed to estimate the imbibition relative permeability at a given actual saturation as the drainage relative permeability evaluated at a modeled flowing saturation. Land's imbibition model (1968) gives accurate predictions for water-wet media (Land 1971) , but fails to capture essential trends when the porous medium is weakly or strongly wetting to oil. The two-phase hysteresis models that are typically used in reservoir simulators are those by Carlson (1981) and Killough (1976) . A three-phase hysteresis model that accounts for essential physics during cyclic flooding was proposed by Larsen and Skauge (1998) . These models have been evaluated in terms of their ability to reproduce experimental data (Element et al. 2003; Spiteri and Juanes 2006) , and their impact in reservoir simulation of water-alternating-gas injection (Spiteri and Juanes 2006; Kossack 2000) . Other models are those by Lenhard and Parker (1987) , Jerauld (1997a), and Blunt (2000) . More recently, hysteresis models have been proposed specifically for porous media of mixed wettability (Lenhard and Oostrom 1998; Moulu et al. 1999; Egermann et al. 2000) .
All of the hysteresis models described require a bounding drainage curve and either a waterflood curve as input, or a calculated waterflood curve using Land's model. The task of experimentally determining the bounding waterflood curves from core samples is arduous, and the development of an empirical model that is applicable to non-water-wet media is desirable. In this paper, we introduce a relative permeability hysteresis model that does not require a bounding waterflood curve, and whose parameters may be correlated to rock properties such as wettability and pore structure.
Because it is difficult to probe the full range of relative permeability hysteresis for different wettabilities experimentally, we use a numerical tool-pore-scale modeling-to predict the trends in residual saturation and relative permeability. As we discuss later, pore-scale modeling is currently able to predict recoveries and relative permeabilities for media of different wettability reliably (Dixit et al. 1999; Øren and Bakke 2003; Jackson et al. 2003; Valvatne and Blunt 2004; Patzek 2003, 2004 ). We will use these predictions as a starting point to explore the behavior beyond the range probed experimentally.
In summary, this paper presents a new model of trapping and waterflood relative permeability, which is able to capture the behavior predicted by pore-network simulations for the entire range of wettability conditions.
Pore-Scale Modeling of Trapping and Hysteresis
In pore-network modeling, the pore space is described by a network of pores connected by throats with an idealized geometry. A set of physically based rules describe the configuration of the fluids within each pore and throat, as well as the mechanisms for the displacement of one fluid by another. This approach was pioneered by Fatt (1956) and has received increasing attention over the past decade. Blunt (2001) and Blunt et al. (2003) provide a detailed description of the fundamentals and applications of pore-network modeling, together with an extensive literature review. One of the successful application areas of pore-network models is the prediction of multiphase flow properties, such as capillary pressure and relative permeability. This success hinges on the following:
1. The ability to reproduce the essential geometric features of the pore space of real rocks. A realistic 3D pore-space characterization may be obtained in a variety of ways: assembly of 2D sections to form a 3D image (Holt et al. 1996) ; direct X-ray microtomography of the 3D pore space (Spanne et al. 1994) ; stochastic 3D modeling with statistics inferred from 2D thin sections (Ioannidis and Chatzis 2000) ; and process-based reconstruction in which grain deposition, compaction, and cementation are modeled (Bryant and Blunt 1992; Øren and Bakke 2002) .
2. The ability to capture wettability effects. Most pore-network models used today introduce wettability effects based on the porelevel scenario of wetting proposed by Kovscek et al. (1993) . Their model mimics the saturation change typical of a hydrocarbon reservoir. The medium is initially filled with water, and the rock surfaces are water-wet. During oil migration, the oil invades the pore space, altering the wettability of the solid surface in contact with the oil. In this fashion, the network displays mixed wettability: a fraction of a pore or throat may be oil-wet, while the corners and crevices not in contact with the oil remain water-wet.
The combination of realistic pore geometry/topology and correct characterization of displacement and trapping mechanisms has allowed pore-network models to predict hysteretic capillary pressure and relative permeability curves under a wide range of wettability characteristics.
Experimental measurements of hysteretic relative permeability for mixed-wet and oil-wet media are scarce (Jadhunandan and Morrow 1995; Oak 1991) . Given the success of pore-network models to reproduce experimental data (Øren and Bakke 2003; Jackson et al. 2003; Valvatne and Blunt 2004) , in this work we have adopted the use of pore-network modeling as a way to investigate the full spectrum of wettability conditions. Pore-network simulations results are taken as "data" to develop and validate empirical trapping and hysteresis models.
Description of the Pore-Network Simulations. We used the twophase flow pore-network simulator developed by Valvatne and Blunt (2004) . The model has similarities with other network models (Al-Futaisi and Patzek 2003; Øren et al. 1998; Patzek 2001) . A full description of the model is given in the previous references.
We used a 3D pore-network of a Berea sandstone developed by Bakke and Øren (1997) . The model is a cube of 3×3×3 mm 3 containing 12,349 pores and 26,146 throats. The absolute permeability of the rock is 2287 md and the net porosity is 0.183, where 0.0583 is clay-bound or microporosity.
We investigated sequences of two consecutive displacements: primary drainage (oil invasion) and waterflooding. During primary oil drainage the network, which is initially filled with water, is assumed to be strongly water-wet with a receding contact angle r ‫.°0ס‬ As the oil invades the largest pores first in piston-like displacement, the water recedes and is squeezed to the crevices and pore throats until a very high capillary pressure or a target oil saturation is reached. At this point, the surface of the rock in contact with oil will undergo wettability alteration, while the corners and elements that still contain only water remain strongly water-wet. Wettability alteration is accounted for by changing the contact angle. In principle, one could change the advancing contact angle a and the receding contact angle r independently. In this work, however, we used a correlation proposed by Morrow (1975) to link both the advancing and receding contact angles with an intrinsic contact angle i . This relationship is shown in Fig. 1 .
During waterflooding, there are several physical mechanisms by which the water can displace the oil in place (Lenormand et al. 1983) . These mechanisms include piston-type displacement, cooperative pore-body filling, and snap-off. The predominance of any given displacement mechanism is strongly dependent on the wettability (specified by the advancing contact angle). These displacement processes and their implementation are described in detail in the literature (Valvatne and Blunt 2004; Al-Futaisi and Patzek 2003; Øren et al. 1998; Patzek 2001) . After individual displacement events, the transport properties are calculated. The equations for absolute permeability, relative permeability, and other transport parameters can also be found in the literature (Valvatne and Blunt 2004; Øren et al. 1998; Patzek 2001; Blunt and King 1991) . Following this procedure, pore-network simulations have been shown to reproduce experimental capillary pressure and relative permeability curves both in primary drainage and waterflooding (Øren et al. 1998 ) and for a variety of wettability conditions (Øren and Bakke 2003; Jackson et al. 2003; Valvatne and Blunt 2004) .
We investigated the full range of wetting conditions after wettability alteration, by choosing average intrinsic contact angles between 20 and 160°. Because of pore-scale inhomogeneities in the rock minerals and surface roughness, assigning a uniform contact angle throughout is unrealistic. Therefore, we assigned contact angles throughout the network randomly within ±20°of the average value.
In this work, we assume that the contact angle distribution in originally oil-filled pores is independent of S oi . In reality, a higher S oi represents a larger initial capillary pressure that may cause protective water layers to collapse in oil-filled pores, causing a more significant wettability alteration than for low S oi (Kovscek et al. 1993 ). However, this simple characterization of wettability has been shown to be sufficient to predict trends in recovery seen experimentally (Valvatne and Blunt 2004) . Also, we consider systems in which there is a relatively uniform distribution of wettability-we do not consider mixed-wet media where initially oilfilled pores may be water-wet or oil-wet with two distinct distributions of contact angle in the same rock.
For each contact angle distribution we performed a series of displacement pairs (oil invasion and waterflooding), with a differ- ent target oil saturation S oi ranging from a very small value (almost no oil invasion) to the maximum value possible (connate water conditions). Next, we present results from an extensive set of simulations for different contact angles and different target oil saturations.
Pore-Network Predictions of Trapping.
The use of a porenetwork simulator allows us to quantify the effects of wettability and initial oil saturation on the trapping of oil during waterflooding. The main results of the pore-network simulations are compiled in Fig. 2 , where we plot the initial-residual (IR) curves for different intrinsic contact angles. For a given curve (i.e., for a specific value of the intrinsic contact angle after wettability alteration), each point denotes the trapped oil saturation S ot that corresponds to a particular initial oil saturation S oi . The initial oil saturation is dictated by the point at which primary drainage ceases (and waterflood starts), and the trapped oil saturation is the value of unrecoverable (or residual) oil after waterflooding.
The most noteworthy characteristic of the IR curves shown in Fig. 2 is that they do not display a monotonically increasing behavior for mixed-wet and oil-wet media. This means that, for oil-wet media, higher oil saturation after the initial oil invasion may lead to lower residual oil saturation after waterflooding. This counterintuitive behavior is analyzed and explained next, in terms of pore-scale fluid configurations and displacement mechanisms.
For water-wet media (small contact angles), trapping during waterflooding is controlled by snap-off. As the initial oil saturation is increased, oil is pushed into smaller and smaller pores. During waterflooding, water fills the smallest pores first and snaps off more and more oil. The amount of trapped oil increases monotonically with increasing initial oil saturation simply because there is more oil to trap. As the contact angle increases, there is a crossover from trapping by snap-off to trapping by bypassing, as the water tends to advance in a connected front with piston-like advance on throats and cooperative pore-filling. We begin to see a non-monotonic behavior because, as the initial water saturation increases, we have more water filling from the pores and throats in connected patches from throats that are initially water-filled. When these patches join up, there can be trapping, as oil becomes stranded between these clusters. Low initial water saturation (i.e., high initial oil saturation) implies that there are few water clusters and little chance for bypassing. Trapping increases as the number of clusters increases and then declines again as there is less oil to trap in the first place. For intrinsic contact angles above 90°(advancing contact angles greater than 120°), we observe the same behavior, but with even less trapping. The reason is the presence of oil layers within the network. Water fills the largest pores and throats in an invasion percolation-like process. Oil remains connected in layers sandwiched between water in the center of an element and water in the corners. These layers lead to very little trapping, although the oil relative permeability is very low. These layers are stable until the two water/oil interfaces meet. High initial water saturation means that water bulges out in the corners causing these interfaces to meet, trapping more oil than for low initial water saturation. Again, for sufficiently large S wi , (low S oi ), there is less trapping simply because there is less oil to trap.
We should also mention that the extremely low trapped oil saturations for very high initial oil saturations are an artifact of the criterion used for ascertaining the stability of oil layers (Valvatne and Blunt 2004) . In the future, we plan to incorporate a stability criterion based on free-energy balance that predicts that oil layers become unstable before the two water/oil interfaces touch each other (van Dijke et al. 2004 ). For practical purposes, however, such high initial oil saturations are never achieved during migration of oil into realistic reservoirs-the initial water saturation is typically much higher than 5%.
In conclusion, the trapping mechanisms that we have indicated allow for a physical explanation of the non-monotonic behavior of the initial-residual curves. A complete picture of the trapping relation is given in Fig. 3 as a trapping surface; that is, a surface that describes the residual oil saturation as a function of the initial oil saturation and the intrinsic contact angle after wettability alteration.
The trapped oil saturation dictates the endpoint of the relative permeability waterflood curves. An important practical consequence of the nonmonotonic relation of trapped vs. initial oil saturation for mixed-to oil-wet media is that waterflood scanning curves will cross, as sketched in Fig. 4 .
Neither of these features-nonmonotonic trapping relation and crossover of waterflood relative permeability curves-are present in existing empirical models. This motivates the development of new empirical trapping and hysteresis models that reproduce the observed behavior.
Pore-Network Predictions of Waterflood Relative Permeability.
It is important to understand the trapping mechanisms that ultimately define the shape of the relative permeability curves during waterflooding. The trapping model determines the endpoint residual saturations when the capillary pressure is lowered to an extremely low value. The trapping mechanisms at this point should not be generalized for the entire waterflood process. Because different competing trapping mechanisms may dominate at different capillary pressure levels, this affects the shape of the relative permeability curve.
In water-wet systems, we have already mentioned that trapping is primarily due to snap-off. After a certain point during waterflooding, the flowing oil phase becomes trapped because of the invading water phase. However, this mechanism does not operate right away. At the beginning of the waterflood process, the nonwetting-phase relative permeability is slightly higher than the drainage relative permeability. This is seen in the two-phase experiments performed by Oak (1990) in water-wet Berea sandstone (see Fig. 5 ).
During primary drainage, the oil preferentially fills large pores, leaving water residing in narrower throats and in the corners of the pore space. At the end of primary drainage, many oil-filled pores have only a single connecting throat that is also oil-filled. These dead-end pores may contain a large saturation but do not contribute to the connectivity of the oil. During waterflooding, porefilling is favored in pores that have many surrounding water-filled throats, essentially these dead-end pores (Lenormand et al. 1983) . Thus initially there is a cascade of pore-filling, where the oil saturation decreases with little decrease in oil relative permeability. This process competes with snap-off, which traps oil and in contrast leads to a large decrease in relative permeability. For water-wet media, the former process generally is more significant at high oil saturation, giving the typical hysteresis patterns seen in In contrast, the trapping mechanisms that control the shape of the oil waterflood relative permeabilities in oil-wet media are very different from those of a water-wet rock. At the beginning of the waterflood, water percolates through the largest pores, leading to a significant reduction in the oil relative permeability. The oil, which remains connected through oil layers, drains down to very low saturations but at a low rate because of the small conductance of these layers. The shape of these relative permeability curves, as predicted by pore-network simulations, is shown in Fig. 7 .
Development and Validation of a New Model of Relative Permeability Hysteresis
In the previous section, we used pore-network modeling to highlight the following features of wettability effects on the waterflood relative permeability: 1. The IR curves are not monotonic for media that are not strongly water-wet (Fig. 2) .
2. For intermediate-wet and oil-wet media, the scanning curves of oil relative permeability may cross (Fig. 4) .
3. In strongly water-wet media, the trapped oil saturation is high, but the waterflood relative permeability may be higher than the drainage relative permeability at high oil saturations (Fig. 6) .
4. In contrast, for strongly oil-wet media, the trapped oil saturation is low, but the waterflood relative permeability decreases sharply at high oil saturations (Fig. 7) .
Clearly, this markedly different behavior in water-wet and oilwet media needs to be incorporated in the empirical model. We start by describing a new trapping submodel, and we follow with the proposed waterflood relative permeability model.
The Trapping Model.
We begin by reviewing some of the existing trapping models. These models were originally designed to account for gas trapping, but for consistency we will treat them for oil trapping. We then formulate a new model and assess its performance for the full spectrum of wettability conditions. Land Trapping Model. The Land model (1968) is the most widely used empirical trapping model. Most relative permeability models that incorporate hysteresis (Jerauld 1997a; Killough 1976; Larsen and Skauge 1998; Lenhard and Parker 1987; Blunt 2000; Lenhard and Oostrom 1998) are based on it. It was developed to predict trapped gas saturation as a function of the initial gas saturation based on published experimental data from water-wet sandstone cores (Holmgren and Morse 1951; Kyte et al. 1956; Dardaganian 1957) .
The trapped nonwetting phase saturation is computed as: where S oi is the initial oil saturation, or the saturation at the flow reversal, and C is the Land trapping coefficient. The Land coefficient is computed from the bounding oil invasion and waterflood curves as follows: where S o,max is the maximum oil saturation, and S ot,max is the maximum trapped oil saturation, associated with the bounding waterflood curve. All these quantities are illustrated in Fig. 8 . The value of the Land trapping parameter is dependent on the type of rock and fluids (Spiteri and Juanes 2006) .
Carlson Trapping Model.
A simplified hysteresis model proposed by Carlson (1981) implicitly defines a trapping model. The Carlson model requires the bounding drainage and waterflood curves. The trapped oil saturation is determined by shifting the bounding waterflood curve to intersect the intermediate initial oil saturation at the flow reversal. The idea behind Carlson's interpretation is to use the model of the waterflood relative permeability scanning curves as being parallel to each other. This geometric extrapolation procedure is illustrated in Fig. 9 .
The trapped nonwetting-phase saturation is computed as where ⌬S o is the shift in the waterflood scanning curve with respect to the imbibition bounding curve (see Fig. 9 ). This model is adequate if the intermediate scanning curves are almost parallel and there is little curvature in the waterflood curve. The model is problematic when the system is oil-wet. The large curvature of the bounding waterflood relative permeability curve at low saturations does not allow prediction of intermediate relative permeability curves, because any shifting will make the endpoint trapped gas saturation negative, a nonphysical value.
Jerauld Trapping Model. Jerauld's trapping model (1997a) is an extension of the Land trapping model that accounts for the "plateau" observed in the IR curves for mixed-wet rocks (1997b). The trapped nonwetting-phase saturation is given by: 
. (4)
In the original publication (Jerauld 1997a) , the expression of the trapped saturation S ot was given in terms of the residual saturation achieved when S oi ‫,1ס‬ S or ‫(/1ס‬C+1). Jerauld introduced a second tuning parameter b in addition to the Land coefficient. If this parameter is set to zero, Jerauld's model reduces to the Land trapping model. When this parameter is equal to one, the trapping curve has a zero slope at S oi ‫.1ס‬ Although Jerauld argued that the IR curves should not have a negative slope, his model allows for such behavior if bՆ1. Although the fit of Jerauld's model to the pore-network data was good for water-wet and intermediate-wet conditions (for which the model was designed), it was not as satisfactory for strongly oil-wet media. One of the reasons is that Jerauld's model assumes that the IR curve has a unit slope near the origin. This behavior does not conform to pore-network predictions (see the curve corresponding to ‫°041ס‬in Fig. 2 ). A New Trapping Model. We notice that the shapes of the trapping curves (Fig. 2) may be fit to a parabola. We establish the following simple quadratic relationship between the trapped oil saturation S ot and the initial oil saturation S oi : 
. (5)
The parameters ␣ and ␤ correspond to the initial slope and the curvature of this curve, respectively. These parameters were tuned to minimize the least squared error between the model prediction and the pore-network simulation data. The optimization is constrained by the following restrictions: For an initial slope greater than 1, the trapping model would predict more trapped oil than what was originally present, which is not physically possible. The "optimal" parameters ␣ and ␤ are shown in Fig. 10 as functions of the intrinsic contact angle. The proposed trapping model has two parameters and, therefore, we expect a better fit to the pore network simulation results than the Land trapping model. The presence of an additional parameter is entirely justified, however, by the need to capture the non-monotonic behavior of the IR curves. The performance of the optimization is illustrated in Fig. 11 . Notice that for water-wet media, the model tends to slightly overestimate the trapped oil saturation when the initial oil saturation is high. This is because of the constraint in the optimization, and the inability of the model to achieve the desired curvature at the desired location. The important consideration is that the trapping model reproduces the observed trapping behavior for all wettability conditions, even if it may slightly overestimate the trapping of the bounding waterflood curve (S oi ‫ס‬S o,max ‫−1ס‬S wc ). We should also mention that the pore-network simulator is likely to underestimate the trapping for the bounding curves because of an overly optimistic criterion for the stability of oil layers. If a new, freeenergy based stability criterion is implemented (van Dijke et al. 2004 ), we expect a better agreement between the trapping model and the pore-network predictions.
When the parameters calculated from the optimization are employed, the resulting trapping surface is shown in Fig. 12 . This surface should be compared with the one obtained from porenetwork simulations (Fig. 3) .
The Waterflood Relative Permeability Model. Most existing relative permeability hysteresis models (Jerauld 1997a; Killough 1976; Larsen and Skauge 1998; Lenhard and Parker 1987; Blunt 2000) either require a bounding waterflood curve or model this curve according to Land's (1968) 
Land Waterflood Model. As a prelude to the development of the new waterflood relative permeability model proposed in this work, we revisit the derivation of Land's relative permeability model. The basis of Land's formulation is to express the waterflood relative permeability k ro i at a given oil saturation (S o ) as being equal to the drainage permeability k ro d evaluated at a flowing oil saturation S of (see Fig. 13 ): Substituting Eqs. 9 through 11 in Eq. 8, one obtains
Solving this quadratic equation for S of and taking the positive root:
Although Land's assumptions are generally valid for water-wet media, they do not hold for oil-wet media. In water-wet media, we noticed that the experimental and pore-network waterflood curves are sometimes above the drainage curves for high oil saturations (Figs. 5 and 6). Land's model will generally underestimate the relative permeabilities in this region under the assumption that the hydrocarbon phase will immediately be subjected to snap-off. In oil-wet media, the ultimate residual saturations are often very low because of oil layer drainage. Initially, there is a sharp decrease in the waterflood relative permeability (Fig. 7) . However, at low oil saturations, oil layer drainage is the dominant mechanism, which leads to low oil residual saturations achieved at very low oil relative permeabilities.
In Fig. 14 , we compare Land's waterflood relative permeability model to the pore-network simulation results. The thick red line is the drainage relative permeability curve, obtained from the pore network simulator. The blue circles correspond to the pore network imbibition curve and the thin blue line to the Land waterflood relative permeability model. The Land trapping model predicts the experimental data fairly well for water-wet media, but is unable to capture the convex shape of the waterflood curve characteristic of oil-wet conditions. Indeed, for intrinsic contact angles greater than 80°, Land's model predicts reversible relative permeability curves-waterflood relative permeability curves coincide with the primary drainage curves.
A New Waterflood Model. Land's waterflood model hinges on the assumption that the trapped saturation increases monotonically during waterflooding. This assumption does not allow reproduction of the convex shape of the observed relative permeability curves in intermediate-wet and oil-wet media. We modify Eq. 9 as follows:
The last term in this equation is designed to capture the convexity of the waterflood curves in oil-wet media. It satisfies the following essential requirements: (1) the flowing saturation S of equals zero when the bulk saturation reaches the ultimate trapped saturation S ot (S oi ); and (2) the flowing saturation is equal to the bulk saturation (S of =S o ) at the beginning of the waterflood (S o =S oi ) and no oil has yet been trapped. The parameter ␥ is an additional parameter of the formulation, which should depend on rock type and wettability characteristics.
Substituting Eq. 14 into Eq. 8, we obtain
where the trapped saturation is given by the new trapping model: This expression of the flowing saturation is then used in Eq. 7 to evaluate the waterflood relative permeability. The tuning parameter can be obtained from fitting the model to experimental bounding waterflood curves. In this investigation, we used bounding waterflood curves obtained from pore-network simulation. The dependence of the parameter on the intrinsic contact angle is shown in Fig. 15 . The trends in this relationship are the ones expected. For water-wet media, the parameter is negative, indicating that the Land trapping model overestimates the trapped saturation and subsequently underestimates the relative permeability. For oil-wet media, this parameter takes positive values, which allows for the model waterflood curve to be below the one predicted by the Land model.
The performance of the combined trapping and waterflood models is shown in Fig. 16 . Unlike Land's trapping model, the new model provides a suitable fit to the bounding waterflood curves determined by pore-network simulations for all contact angles. The dark circle represents the trapped saturation determined from the new trapping model. The trapped saturations predicted by the model do not always match the experimental endpoints. This is why the model relative permeabilities do not fully agree with the pore-network results, especially for saturations close to the ultimate residual saturation.
In Fig. 17 , we compare the new waterflood model with pore-network simulated data for a set of intermediate scan- ning curves. Model predictions were obtained using the same parameters determined from the trapping curves and the bounding waterflood curves.
Wettability Correlations. In this paper, we have consistently used the intrinsic contact angle i as a measure of wettability. This parameter is almost impossible to determine with any certainty in the laboratory because most rocks are characterized by a large range of contact angles. Moreover, we have used a particular model (Morrow 1975 ) that links the intrinsic contact angle with the receding and advancing contact angles.
Ideally, one would correlate the trapping parameters ␣ and ␤ and the waterflood parameter with a measure of the overall wettability characteristics of the rock that can be determined in the lab. In fact, previous investigations (Øren and Bakke 2003; Valvatne and Blunt 2004) have shown that pore-network models are able to perform quantitative predictions of laboratory wettability measurements.
Common measures of wettability are the Amott wettability indices I w and I o (1959) . A strongly water-wet medium is associated with I w ‫1ס‬ and I o ‫,0ס‬ while values of I w ‫0ס‬ and I o ‫1ס‬ correspond to a strongly oil-wet medium. The Amott-Harvey index I wo is probably the most popular measure of wettability and is defined as which ranges between -1 and 1.
These indices can be determined from two capillary pressure curves corresponding to waterflood and subsequent oilflood, and can be computed directly from pore-network simulations (Øren and Bakke 2003; Valvatne and Blunt 2004) . The variability of the Amott oil and water indices and the Amott-Harvey wettability index with respect to the intrinsic contact angle is given in Figs. 18 and 19, respectively. Although this was not pursued here, one could express the dependence of the trapping and waterflood relative permeability parameters with respect to the Amott-Harvey wettability index directly, rather than the intrinsic contact angle.
Conclusions
We have presented a new model of trapping and waterflood relative permeability. Development of the model is motivated by the inability of existing models to capture the trends observed for intermediate-wet and oil-wet media. Because of scarcity of reliable experimental data, we have used pore-network simulation as a means to predict the trends in trapping and relative permeability hysteresis. The new model is able to capture two key features of the observed behavior: (1) non-monotonicity of the IR curves, which implies that waterflood relative permeabilities cross; and (2) 
